The anaphylatoxin C5a is generated upon activation of the complement system, a crucial arm of innate immunity. C5a mediates proinflammatory actions via the C5a receptor C5aR1 and thereby promotes host defence, but also modulates tissue homeostasis. There is evidence that the C5a/C5aR1 axis is critically involved both in physiological bone turnover and in inflammatory conditions affecting bone, including osteoarthritis, periodontitis, and bone fractures. C5a induces the migration and secretion of proinflammatory cytokines of osteoblasts. However, the underlying mechanisms remain elusive. Therefore, in this study we aimed to determine C5a-mediated downstream signalling in osteoblasts. Using a whole-genome microarray approach, we demonstrate that C5a activates mitogen-activated protein kinases (MAPKs) and regulates the expression of genes involved in pathways related to insulin, transforming growth factor-β and the activator protein-1 transcription factor.
indicating an important function in these cells. 5, 6 Indeed, in osteoblasts C5a induces migration and expression of the inflammatory cytokines interleukin-6 (IL-6) and IL-8, and receptor activator of nuclear factor kappa B ligand (RANKL), which is essential for osteoclast formation and activity. 5, 7 Moreover, C5aR1-knockout (-ko) mice display reduced osteoclast numbers and significantly increased bone mass, suggesting that C5a/C5aR1 signalling might regulate physiological bone turnover. 8 The C5a/C5aR1 axis in bone cells might be particularly relevant under pathological conditions, because mice lacking C5aR1 are protected against arthritis, 9 and C5aR1 activity has been linked to substantial bone loss in a periodontitis model. 10 Antagonizing C5aR1 significantly reduced periodontal inflammation and subsequent bone loss in this model. 11 Moreover, we previously demonstrated that C5aR1 was strongly expressed in osteoblasts in response to bone injury, 7 and that bone fracture healing in a rodent model of severe systemic inflammation significantly improved when treated with a small peptide C5aR1 antagonist. 12 In this setting, osteoblasts were found to be target cells for C5a, because mice with an osteoblast-specific C5aR1 overexpression displayed impaired fracture healing. 6 However, the molecular mechanisms underlying the C5a/C5aR1 signalling axis in osteoblasts remain unclear, also in respect of potential cross-talking signalling pathways, which can modulate or are modulated by C5aR1 actions. In immune cells, C5aR1 has been described to interact with other immune receptors, including receptors for immunoglobulin G (IgG) antibodies, the FcγRs, 13 or with other biological systems, including the coagulation cascade. 14, 15 Tolllike receptors (TLRs) are further potential interaction candidates, because, similar to the complement system and its receptors, they are important for early recognition and adequate response to danger molecules. 16 In this regard, pathways downstream of complement receptors and TLRs interact in various immune cells, 17, 18 thereby modulating inflammatory responses. 19 In this study, we aimed to determine the intracellular events following C5aR1 activation in osteoblasts. We analysed gene expression patterns and intracellular signalling pathways upon C5aR1 activation and found a strong modulation of genes involved for example in the mitogen-activated protein kinase (MAPK) and insulin pathways. Furthermore, we demonstrated that C5aR1 and TLR2 interact in osteoblasts, resulting in upregulation of the immune cell chemoattractant C-X-C motif chemokine 10 (CXCL10), which can induce osteoclastic bone resorption. [20] [21] [22] These results suggest that complement-activated osteoblasts are able to modulate the inflammatory milieu during inflammatory bone diseases in concert with osteoclasts and immune cells.
| MATERIALS AND METHODS

| Mouse model
Male wild-type (WT) control (C57BL/6) mice were purchased from Charles River (Sulzfeld, Germany) while C5aR1-ko mice, originally generated by C. Gerard 23 and kindly provided by John D. Lambris (University of Pennsylvania, USA), were bred in-house. Mice were housed according to the guidelines for the care and use of laboratory animals (ARRIVE) and had access to a standard mouse feed (ssniffR R/M-H, V1535-300, Ssniff, Soest, Germany) and water ad libitum. Experiments were performed with permission of the local authorities.
| Osteoblast isolation, cultivation, and stimulation
Primary osteoblasts were isolated from long bones of 8-12-week-old mice and differentiated for 14 days, as described previously. 6, 24 Briefly, harvested diaphyses were shred and digested for 2 h using 125 U/ml collagenase type II (Sigma-Aldrich, Steinheim, Germany) in penicillin/streptomycin and 1% L-glutamine (all from Gibco)) in a 1:1 ratio and with a final concentration of 10 ng/ml RANKL (462-TEC, R&D Systems, Wiesbaden, Germany) and 5 ng/ml human recombinant M-CSF (Merck). Additionally, PMX-53 (1.1 μg/ml), MyD88 inhibitor ST 2825 (10 μM), and a CXCL10-antibody (10 μg/ml, R&D Systems) were applied together with the osteoblast supernatant. In addition, control groups were included, where C5a (100 ng/ml), Pam3 (100 ng/ml) or recombinant mouse CXCL10 (100 ng/ml, PeproTech, Hamburg, Germany), with or without CXCL10-antibody, were MÖDINGER ET AL.
| 6003 added to the osteoclast medium without osteoblast supernatant.
Cells were kept at 37°C under 5% CO 2 . Osteoclastogenic differentiation was assessed after 5 days by counting multinucleated (>2 nuclei) tartrate-resistant acid phosphatase (TRAP)-positive cells using light microscopy. Additionally, mRNA samples were obtained.
| Enzyme-linked immunosorbent assay (ELISA)
Cell-culture supernatants of osteoblasts stimulated for 4 h with C5a
and/or Pam3, were analysed according to the manufacturer's instructions using a mouse ELISA-kit for CXCL10 (CRG-2) (#EMCXCL10, Thermo Fisher Scientific). Data were analysed using a standard curve provided with the kit. Values below assay detection limit were set to zero.
| Reverse transcription-PCR (RT-PCR)
Total RNA isolation and RT-PCR were performed as described previously. 6 Gene expression was analysed relative to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh) using the ΔΔCt method. Primers were purchased from Invitrogen (Thermo Fisher Scientific, Waltham, USA) and sequences are available in Table S1 . Capillary gel electrophoresis and quantification of PCR products were performed using QIAxcel DNA Screening Gel Cartridge on a QIAxcel Advanced System (Qiagen, Hilden, Germany).
| Microarray-based gene expression analysis
Differentiated osteoblasts were untreated or stimulated with 100 ng/ml C5a for 30 min or 4 h (n = 3 per group). RNA was isolated and the RNA integrity number (RIN) determined using an Agi- 
| Immunofluorescent staining
Osteoblasts were fixed in 4% phosphate-buffered formalin and unspecific binding was prevented using goat serum for 1 h at RT. 
| Statistical analysis
Results are presented as the mean ± standard deviation. For statistical analysis, the software GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, USA) was used. Testing for normal distribution was performed using the Shapiro-Wilk test. Student's t test was applied when two groups were compared while one-way analysis of variance (ANOVA), followed by Fisher's LSD post hoc test, was applied to compare three or more groups. The level of significance was set at P ≤ 0.05.
| Results
| C5a regulates genes involved in the MAPKand transforming growth factor (TGF)-β pathways, insulin signalling, and the activator protein (AP)-1 transcription factor in osteoblasts
Confirming previous findings, 5, 6 increased C5ar1 expression levels were detected in osteoblasts cultured in osteogenic differentiation medium compared to cells in normal proliferation medium ( Figure 1A (Table 1) , thus confirming data derived from the enrichment analyses ( Figure 2D and F) . A list of the top 20 regulated pathways upon C5a stimulation is provided in the supplement (Table S2 ). To confirm microarray findings, differential expression of selected candidate genes was validated by RT-PCR.
Regarding insulin and glucose metabolism, we confirmed the upregulation of glutamine fructose 6-phosphate transaminase 2 (Gfpt2), an enzyme regulating glucose metabolism. Genes encoding negative regulators of insulin signalling were downregulated, including suppressor of cytokine signalling 3 (Socs3) and growth factor receptorbound protein 14 (Grb14), an important insulin receptor adaptor protein (Table 2) . Therefore, glucose-and insulin-related signalling in osteoblasts appears to be regulated by C5a. Genes involved in the TGF-β pathway, namely TGF-β receptor 1 (Tgfbr1), TGF-β-induced protein (Tgfbi), TGF-β-induced factor homeobox 1 (Tgif1), and TGF-β (Tgfb1) itself were induced by C5a (Table 2 ). We further confirmed that MAPK6 (Mapk6) and MAPK kinase 3 (Map2k3) were slightly upregulated, whereas negative MAPK regulators dual specificity phosphatase 1 (Dusp1) and Dusp5 were downregulated (Table 2 ).
This shows that C5a activates MAPKsignalling in osteoblasts. The AP-1 transcription factor subunits Fos and Jun (Table 2) , and levels of other immediate early genes, including immediate early response 2 and 3 (Ier2, Ier3) and early growth response 2 and 3 (Egr2, Egr3) (Table S3) (Table S3 ) and downregulated genes (Table S4 ) upon 4 h-C5a-treatment are provided in the supplement.
| C5aR1 and TLR2 interact in osteoblasts and downstream signalling involves the activation of p38 MAPK
'Toll-like Receptor Signalling' was among the top C5a-regulated pathways (Table 1 ) and thus any interplay between C5aR1 and TLR2 in osteoblasts was of special interest. We first analysed TLR2 expression and detected slightly but significantly upregulated gene levels upon osteogenic differentiation ( Figure 3A appears to enhance TLR2 downstream signalling rapidly and persistently ( Figure 3F ). For confirmation, we investigated receptormediated activation of MAPKs, which are intracellular signalling transducers, and which we found being regulated by C5a on gene level ( Figure 2D ; Table 2 ). MAPKs p38 and ERK1/2 (data not shown)
were phosphorylated and thereby activated by C5a ( Figure 3I ). The same effect was observed after TLR2 stimulation. Notably, p38
phosphorylation significantly increased more at 30 min after receptor costimulation, compared to isolated receptor stimulation ( Figure 3I ), which was confirmed by the quantification of the western blot protein bands ( Figure 3J ). This finding suggests combined actions of C5aR1 and TLR2 in downstream signalling. Importantly, inhibition of C5aR1 with its antagonist PMX-53 prevented p38 phosphorylation ( Figure 3G ). In line, p38 phosphorylation was considerably diminished in C5aR1-ko osteoblasts ( Figure 3H ), corroborating C5aR1-dependent MAPK activation. Additionally, TLR2-mediated p38 phosphorylation was prevented by inhibiting the TLR adaptor protein MyD88 ( Figure 3G ). Therefore, in addition to C5aR1, signalling via p38 MAPK is also TLR2-dependent. The main regulated biological pathways, determined by using the Transcriptome Analysis Console Software, are shown in descending order, based on their significance. The number of up-and downregulated genes, included in the respective pathways according to the gene ontology term, is shown in columns 3 and 4. The P-value of differential regulation and its negative decadal logarithm (significance) are shown in column 6 and 5, respectively. A complete list of the top 20 regulated pathways is provided in the supplement (Table S1 ).
receptor costimulation led to significantly higher CXCL10 levels compared to isolated receptor stimulation ( Figure 4B ). C-X-C motif chemokine receptor 3 (CXCR3), which is the receptor for CXCL10, was found to be expressed by both osteoblasts and osteoclasts (Figure 4C) . To analyse the osteoclastogenic potential of osteoblastsecreted components, osteoblast cell-culture supernatants were added to osteoclast precursor cells. The addition of supernatant following C5a and Pam3 treatment induced osteoclast formation in comparison to unstimulated controls ($) and to controls receiving untreated supernatant (#), as assessed by TRAP staining ( Figure 4D and E). In contrast to the conditioned medium from C5a-and/or Pam3-treated osteoblasts, the direct addition of C5a and Pam3 to the osteoclast medium did not induce osteoclastogenesis. Furthermore, the inhibition of C5aR1 and MyD88, simultaneously to the incubation with osteoblast-conditioned medium, did not impair its osteoclastogenic potential ( Figure 4D and E). To examine the osteoclastogenic effect of CXCL10 separately, recombinant CXCL10 was added to an additional treatment group, which showed strongly enhanced osteoclast formation, while this effect was reversed using a neutralizing CXCL10-antibody ( Figure 4D ). Importantly, osteoclast formation mediated by the osteoblast supernatants was significantly attenuated when antagonizing CXCL10 ( Figure 4D and E).
The effects on osteoclast formation were confirmed on gene level, 
| DISCUSSION
In this study, we demonstrated that C5a modulates the expression of genes involved in the MAPK and TGF-β pathways, insulin and interferon signalling and the AP-1 transcription factor in osteoblasts.
We further showed that C5aR1 and TLR2 interact in osteoblasts and crosstalk in downstream signalling. The pathways converge on the activation of p38 MAPK, eventually leading to expression of the chemokine CXCL10. To unravel intracellular events following activation of the C5a/C5aR1 axis, we performed whole genome-covering microarray analyses. Interestingly, we found a C5a-mediated induction of genes related to insulin signalling and glucose metabolism.
Negative insulin regulators were downregulated, while Gfpt2 expression was upregulated. GFPT2 regulates glucose flux, metabolism, and utilization. It converts fructose-6-phosphate to glucosamine-6-phosphate and thereby catalyses the rate-limiting step of the hexosamine biosynthesis pathway (HBP). High glucose flux into the HBP is associated with insulin resistance, impaired glucose tolerance and type 2 diabetes, 30 effects which could be linked to increased GFPT2 activity. 31, 32 Notably, C5a influences glucose metabolism in neutrophils, leading to increased glucose uptake and glycolysis, thus resembling insulin action in these cells. 33, 34 Moreover, C5aR1 contributes to 
Gfpt2
Glutamine F-6-P transaminase 2 NM_013529 1.9 × 10 (Table S3 and S4, respectively). GF: growth factor, MAPK: mitogen-activated protein kinase, F-6-P: fructose-6-phosphate, TGF-beta: transforming growth factor-beta. insulin resistance in an in vivo obesity model. 35 These data imply that complement, and in particular the C5a/C5aR1 axis, might affect glucose metabolism not only in immune cells but also in osteoblasts.
This might be the case particularly under high bone-turnover conditions, requiring increased energy supply. 36 Taken together, under inflammatory conditions, C5a might tilt the metabolic balance in osteoblasts, thereby affecting both bone turnover and local and systemic glucose homeostasis. To strengthen the link between F I G U R E 3 C5aR1 and TLR2 interact and activate p38 MAPK in osteoblasts. Expression of TLR2 in immature (NM) and mature osteoblasts (ODM), on gene level (A), quantified relative to Gapdh (B). Images in A were obtained by using capillary electrophoresis. TLR2 protein expression in immature (NM) and mature (ODM) osteoblasts, shown by immunofluorescent staining in green, while nuclei are counterstained in blue (C) and shown by immunoblotting (D). C5aR1 and TLR2 immunoblotting of protein lysates, immunoprecipitated using a C5aR1 or IgG antibody (E). Tirap gene expression after stimulation with C5a for 30 min, 4 h or 24 h. The red line indicates the relative gene expression of unstimulated cells set to 1 (F). Immunoblotting for p38/p-p38 using WT untreated osteoblasts or treated with C5a or Pam3 for 10 min, with or without inhibition of p38, C5aR1 or MyD88, using SB 203580, PMX-53 and ST 2825, respectively (G). Immunoblotting for p38/p-p38 using WT and C5aR1-ko osteoblasts left untreated or treated with C5a for 30 min or 2 h (H). Immunoblotting for p38/p-p38 using wild-type (WT) osteoblasts left untreated or treated with C5a (lanes 2, 3), Pam3 (lanes 5, 6), or both (lanes 8, 9) for 30 min or 2 h (I). Western blot protein band quantification by densitometry, shown as ratio between p38 and GAPDH. $ P ≤ 0.05 between the different 30 min-treatment groups, * P ≤ 0.05 between the unstimulated and 30 min treatment sample of the same treatment group (J). N = 4-6 per treatment (A, B, E). GAPDH serves as a loading control (B, F-H). P-p38: phosphorylated p38 MAPK protein, Pam3: Pam3CSK4, GAPDH: glyceraldehyde-3-phosphate dehydrogenase, Tirap: Toll-interleukin 1 receptor (TIR) domain-containing adaptor protein. MyD88: myeloid differentiation primary response 88, NM: normal proliferation medium, ODM: osteogenic differentiation medium complement and glucose metabolism, further investigation is required. C5a-activated HBP may enhance proteoglycan production, which is important for bone structure and interacts with growth factors present in bone matrix, such as TGF-β. 37, 38 Interestingly, we found C5a-induced genes to be involved in the TGF-β pathway.
TGF-β is released from bone matrix during bone resorption, co-ordinating bone formation and osteoblast activity. It promotes osteoblast differentiation 39 and migration of osteoblast precursor cells to the bone-turnover site. 40 TGF-β can display pro-osteoclastogenic actions, even in absence of RANKL, 41 a finding supporting our hypothesis of a C5a-mediated stimulation of osteoclastogenesis via osteoblasts. Of note, data on the effects of TGF-β on osteoclasts are controversially discussed. Depending on the microenvironment and the maturation state of the cells, TGF-β can also inhibit osteoclast formation and induce osteoclast apoptosis. 42, 43 Interferon-mediated actions are important to regulate the immune response to microbial and viral infections. Interferon-γ (IFN-γ) acts immunomodulatory, but also influences bone metabolism. IFN-γ can act anabolic on bone and is able to rescue an osteoporotic phenotype. 44 In addition, IFN-γ strongly impacts osteoclastogenesis and RANKL signalling. 45 Here, diseases, alone or in combination with TLRs. 18 The role of complement in bone development and regeneration after traumatic injury has been reviewed. 3, 4 Fewer data are available on the impact of TLRs on bone, still, they have been ascribed a clear impact on inflammation and bone resorption in an infectious microenvironment, for example in periodontitis. 48, 49 Of note, C5aR1 is also crucial for the development of periodontal disease, which is frequently accompanied by bone loss and subsequent tooth loss. 10, 11, 50 Pharmacological inhibition of C5aR1 reduces periodontal inflammation and can reverse an already established disease. 11 Crosstalk between TLR2
and C5aR1 promotes periodontal inflammation and concomitant bone loss, 10, 11 and both receptors colocalize in macrophages challenged by the periodontitis keystone pathogen Porphyromonas gingivalis (P. gingivalis). and TLR2 ligands, is key to managing inflammatory bone diseases in future. Notably, osteoblasts express both C5aR1 and TLR2, 5, 6, 52 thus enabling these cells to react to complement activation and to recognize bacterial components. Here, we found a strong upregulation of TLR2 after osteogenic differentiation ( Figure 3A-D) , suggesting that TLR2 is crucially involved in osteoblast metabolism.
Indeed, studies showed that osteoblasts produce the osteoclast-stimulator RANKL in response to bacterial-induced TLR2 activation. 48, 53 Additionally, C5aR1-mediated effects in osteoblasts involve the induction of RANKL. 5 However, detailed molecular mechanisms underlying C5aR1 actions in osteoblasts remain unknown. We describe here that C5a activates p38 MAPK in osteoblasts, an intracellular effect also seen upon TLR2 activation using Pam3. Importantly, simultaneous stimulation of both receptors led to an additive effect thereon. Furthermore, genes involved in MAPK signalling were found to be regulated by C5a in the present study. MAPKs are important signalling molecules and known to be activated in a C5a-dependent manner in neutrophils 54 and macrophages. 55 This suggests similarities between immune cells and osteoblasts, not only in intracellular signalling but possibly also regarding inflammatory responses. Notably, p38 MAPK was found to be activated in inflammatory diseases associated with bone loss, including rheumatoid arthritis. 56, 57 In a murine model of experimental arthritis, the pharmacological inhibition of p38 MAPK could reverse cartilage and bone destruction.
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F I G U R E 4 C5aR1 and TLR2 promote p38 MAPK-dependent upregulation and secretion of CXCL10 in osteoblasts, inducing osteoclast formation. Cxcl10 expression in wild-type (WT) and C5aR1-ko osteoblasts upon treatment with C5a and/or Pam3 for 4 h, with or without pharmacological inhibition of C5aR1, p38 or MyD88, using PMX-53, SB 203580 and ST 2825, respectively (A). * P ≤ 0.05, in respect to C5a-treated WT or C5aR1-ko cells, n = 3-5 (A). CXCL10 protein levels in cell-culture supernatants of osteoblasts left unstimulated (w/o stim) or stimulated with C5a and/or Pam3 for 4 h (B). * P ≤ 0.05, ** P ≤ 0.01, **** P ≤ 0.0001, n = 3-5 (B). Cxcr3 gene expression in differentiated osteoblasts and osteoclasts. Gapdh serves as a reference and images were obtained using capillary electrophoresis ( Osteoblasts are increasingly regarded to act as proinflammatory cells, which produce cytokines, for example, in response to bacterial stimuli. 59 In this study, we demonstrated that osteoblasts express CXCL10 in response to both C5a and Pam3. CXCL10 attracts mainly neutrophils, macrophages and cytotoxic T cells and is generated by many cell types, including osteoblasts, which express and secrete CXCL10 in response to bacterial challenges, namely by Salmonella 60 and P. gingivalis. 61 Moreover, CXCL10 was found to act osteoclastogenic, either directly or indirectly by inducing RANKL expression by T cells and osteoblasts. 20, 21 Furthermore, CXCL10 induction via RANKL was found to crucially contribute to bone destruction at inflamed joint areas during rheumatoid arthritis. 22, 62 Here, we demonstrated that CXCL10 expression and secretion by osteoblasts was significantly enhanced under coactivation of C5aR1 and TLR2 compared to isolated receptor stimulation. Therefore, combined actions of C5aR1 and TLR2 in osteoblasts might modulate the immune system and promote osteoclastogenesis during inflammatory bone conditions. CXCL10 seems to be one out of several osteoclastogenic factors, which are induced by C5aR1-TLR2 interaction, and CXCL10 could thereby act as an important coupling factor between osteoblasts and osteoclasts. Importantly, CXCR3, the receptor for CXCL10, is expressed by both osteoblasts and osteoclasts, 63, 64 which we confirmed here on gene level. Therefore, osteoclasts are indeed potential target cells of osteoblast-secreted CXCL10, which could in turn also activate osteoblasts in a feedback loop. The performed osteoclast formation assay did confirm the osteoclastic potential of both CXCL10 alone and C5a-and Pam3-induced osteoblast-secreted CXCL10. By using a neutralizing antibody against CXCL10, we showed that the osteoclastogenic effect mediated by the applied osteoblast conditioned media was significantly reduced, however, not completely abolished. These findings indicate that CXCL10 is a crucial, but probably not the only osteoclastogenic factor induced by C5aR1 and TLR2 activation.
A limitation of this study is that we focused on C5aR1-mediated effects and did not entirely distinguish between the effects of the two receptors for C5a, C5aR1, and C5aR2. In a recent in vivo study, we demonstrated that the lack of C5aR1 or C5aR2 differentially affected bone cells and the early inflammatory phase of fracture healing. 8 Therefore, further studies are required, dissecting C5aR1-from C5aR2-mediated effects in osteoblasts, to enable tailored C5a receptor-modulation under inflammatory bone conditions in future.
In summary, we demonstrated the interaction of C5aR1 and TLR2 in osteoblasts, not only physically but also functionally regarding downstream signalling and target genes, including the immune cell chemoattractant and osteoclastogenic mediator CXCL10. By inducing CXCL10, osteoblasts possibly contribute to inflammation and bone resorption during infectious conditions of the bone. Therefore, C5aR1, TLR2, and CXCL10 provide potential targets for therapeutic interventions in treating and controlling bone infections.
Caution has to be exercised, however, when therapeutically manipulating C5aR1, as proper bone regeneration requires a tight control of receptor activity and a balance between its negative and positive effects on bone healing. 65 Future in vivo investigations modelling infectious bone disease are required to corroborate the involvement and interaction of C5aR1 and TLR2 in bone inflammation, as suggested in this in vitro study.
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